We have developed and tested a conventional Bayesian algorithm for estimating the locations of clustering earthquakes. The main purpose of this algorithm is to provide a tool for selecting the most probable fault plane among several possible candidates, based on lineaments of aftershock hypocentres. An additional benefit is that the proposed procedure enables us to use any current location algorithm and to incorporate various prior distributions. Our algorithm requires only a set of the normal equation and the final location for each earthquake as observation data. We assume that refinement of the hypocentre is limited within a range where the normal equation varies no significantly. The refinement can be solved as a usual penalized least-square problem. Hyperparameters of the prior distribution can be optimized with the Akaike Bayesian Information Criterion. For example, we assume that aftershocks may originate near the main shock fault, on which a simple prior distribution is introduced. This procedure is applied to both a set of simulated earthquakes and a set of aftershocks occurring in an offshore area. The proposed method can reasonably revise hypocentres for the simulation data. We consider two different prior distributions of aftershocks, which conform to two nodal planes of the main shock. The optimum solution suggests one fault plane as more probable than the other with a high level of significance.
I N T RO D U C T I O N
Determining earthquake hypocentres is one of the most common inverse problems in seismology. With the development of computer power and the inversion technique, hypocentre determination has progressively improved and become more accurate (Bolt 1970; Buland 1976; Jordan & Sverrup 1981) . The aim is to accurately determine the absolute location of a single earthquake. However, we sometimes need to obtain information on relative locations between earthquakes in one group. For example, relative locations between a main shock and its aftershocks, and the size and shape of an aftershock source area may be important information in studies on earthquake source process. Algorithms such as the master event method (Everden 1969 ) and the joint hypocentre method (Douglas 1967; Freedman 1967; Hurukawa & Imoto 1992) are suitable for this purpose. Methods introducing station corrections could reduce errors caused by uncertainty of traveltime models. The Double-Difference earthquake location algorithm (DD method) (Waldhauser & Ellsworth 2000) has been developed for this purpose.
Several authors have proposed and developed Bayesian approaches to geophysical inverse problems (Backus 1970a ,b,c Backus & Gilbert 1970 Tarantola & Valette 1982) . They have contributed to revisions in hypocentre determination algorithms to obtain stable solutions and reduce errors. In practical applications, optimizing a balance between observed data and prior information is a serious challenge. Akaike (1980) proposed the Akaike's Bayesian information criterion (ABIC) based on information theory for optimizing hyperparameters of a prior distribution. Many studies based on this criterion have already been conducted in the field of seismology (Imoto & Ishiguro 1986; Imoto 1987; Ogata 1999 Ogata , 2004 Iwata et al. 2005) .
In this study, we apply a Bayesian procedure to select the fault plane of a major earthquake, along which many aftershocks take place. Here, we assume that these aftershocks are mostly located on or near the fault of the main shock. This assumption could be formulated by a certain probability density function as a prior distribution. In our case study, we presume that one of the two nodal planes of the fault-plane solution fits the main shock fault.
In estimating the ABIC value, we propose a conventional algorithm to introduce a prior distribution into a current hypocentre determination algorithm. After obtaining the solution of a single earthquake with the current hypocentre determination algorithm, we can estimate the normal equation for this determination. By simply assuming that the prior distribution results in only a small perturbation from the final solution, the problem could be recast as estimating the ABIC value of the penalized least-square problem including the normal equation and the prior distribution.
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A final solution can be obtained after successively refining a trial solution. Our approach assumes a quasilinear system near the final solution, a priori information about location is introduced with an appropriate prior distribution in a simple way. This conventional Bayesian revision can be executed as a different task from hypocentre determination, which makes it easy to replace one prior distribution with another.
M E T H O D
Hypocentre determination is usually solved with the least mean square method, which is a maximum-likelihood method. The hypocentre of an earthquake is specified by a four-component vector x in a space-time volume. This vector is constrained by the observed arrival times t of the N-component vector. Here, we assume that the number of observations N exceeds four which forms a overdetermined least square problem. The likelihood L is given by
where f(x) is the N-component vector of the arrival times calculated with an appropriate traveltime model, and σ 2 is a parameter related to errors in picking arrival times and uncertainties of traveltime models.
By expanding at x 0 , f(x) can be represented as
where x = x -x 0 , and A is an N × 4 matrix of partial derivatives evaluated at x 0 . A refined estimate can be obtained by maximizing L or minimizing a square norm of the residual vector t − f(x).
The maximum likelihood estimatex is obtained by iterating the refinement process. By expanding the exponent of eq. (1) atx, the likelihood function can be represented as
where T indicates a transpose of a vector or matrix,
It should be noted that the first-order term of x is diminished since the likelihood function is maximized at the point. In this study, we assume that each hypocentre must distribute near a fault. This assumption could be formulated with a simple prior distribution for x as follows:
where
Here, n and s are four-component vectors, of which the first three components are equivalent to a unit vector normal to the fault plane and an arbitrary vector on it, and the last one is zero. The hyperparameter δ is to be optimized. The solution of x is defined as the mode of the posterior distribution of x, which is proportional to L( x)p( x |n,s,δ 2 ). In many cases, probable fault planes can be defined from a fault plane solution and other evidence. Therefore, a few candidates of the vector n could be given a prior distribution. Only hyperparameters s and δ should be optimized. Practically, since unknown vector s has one degree of freedom, it could be replaced by one scalar parameter. Therefore, the depth parameter is optimized in later examples by fixing the horizontal components of s.
The ABIC (Akaike 1980) is adopted to select the optimal values of the hyperparameters.
The hyperparameter values are to be chosen so that they minimize ABIC. Substituting eqs (3) and (4) into (5), ABIC is represented as 
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where matrix H and a constant c could be obtained as a solution to the usual least-square problem (Lees and Crosson 1989) .
Hence, q is the best estimate of x as the mode of posterior distribution, which is proportional to L( x)p( x |n,s,δ 2 ) (Imoto 1987) . The ABIC value is given by AB I C = N log e (2πσ 2 ) + log e (2πδ 2 ) − 4 log e (2π)
Assuming that matrix A does not significantly vary with a small perturbation of x and that f(x) is well approximated with eq. (2) atx, the ABIC value given by eq. (9) could be considered the minimum with respect to variable x. The total ABIC value for a group of earthquakes is obtained by summing the values of eq. (9) for all earthquakes, where common values for the hyperparameters are used. The total ABIC with respect to s and δ parameters can be minimized by a grid-search method.
S I M U L AT I O N
We demonstrate the effectiveness of the proposed method with simulated data. Table 1 lists a summary of assumptions for this simulation. In order to ensure no significant variations of matrix A, all stations are located at a large hypocentral distance compared with the fault length. To produce relatively large errors in the depth parameter, we randomly selected 20 stations on the condition that the zenith angle of a ray emerging to each station is less than 60
• . Fifty earthquakes are randomly selected on a 10 km × 10 km fault striking in the −Y direction with a dip angle of 45
• . Traveltimes of earthquakes are estimated relative to an imaginary earthquake at the origin of the coordinate system, and arrival times are calculated by adding Gaussian noise. on which hypocentres are generated. The second one (Prior 2) conforms to the plane (Fault 2) intersecting Fault 1 that strikes in the opposite direction (+Y ) with the same dip angle (45 • ) and intersects at the centre of Fault 1. Table 2 summarizes the minimum ABIC and optimal hyperparameter values of both prior distributions. Ten cases of different standard deviations (SD) starting at 0.1 s and stepping every 0.1 s, are listed. The optimal value of σ in either case is exactly the same as the given one. The optimal value of δ in Prior 1 is proportional 1378 to SD. This is reasonable, since the most likely location of each earthquake, in the sense of traveltime residuals, deviates from its original location proportional to errors. In other words, all the deviations of the hypocentres from the original ones are scaled by SD. Therefore, optimal values of the hyperparameters are also scaled by SD. However, this is not the case for Prior 2, since another spatial scale, the fault width of the Fault 1, involves distances from Fault 2. The optimal value of δ does not increase greatly with the smaller SD but it does increase proportionally with the larger SD. It should be noted that the difference in ABIC ( ABIC) between the two prior distributions decreases with an increase in SD. This result suggests that discrimination of the true fault (Fault 1) from the other one Hypocentre determination with prior information 1379 becomes to a lower level of significance with an increase in SD. In a statistical sense, Prior 1 remains superior to Prior 2, even when SD equals 1.0 s, where ABIC is as large as 35. These simulation results confirm the validity of our method.
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A F T E R S H O C K S E Q U E N C E O F T H E 6 J U N E 2 0 0 9 M 5 . 9 E A RT H Q UA K E
An M5.9 earthquake occurred on 2009 June 6 off the east coast of Chiba in central Japan. There were a few foreshocks, and more than 100 aftershocks (M ≥ 2.0) occurred within a few days of the main shock. The fault plane solution of the main shock is effectively determined with broadband seismograms (Fig. 3a, NIED 2009 ). By carefully observing an effective number of readings, errors in depth parameters, or coefficients of the normal equation, 50 well-located earthquakes are selected from the series (Table 3) . Fig. 3(b) indicates the locations of 18 seismic stations contributing to hypocentre determination of these earthquakes. The nearest stations are at an epicentral distance of 30 km northwest. Other stations are more than 50 km from the focal area (Fig. 3b) . These stations cover quite a narrow azimuth range from the southwest to the northwest. This could be clearly seen in an equal area projection of the stations, where the azimuth and takeoff angle for each station are represented by average values over earthquakes. In addition, takeoff angles are limited to a narrow range from 50
• to 90
• . These results imply a more difficult condition for hypocentre determination than those in the previous simulation.
The normal equations required in our procedure are obtained through hypocentre relocations of these earthquakes (Ukawa et al. 1984 ). The parameters of two possible fault planes, vector n, are adopted as those given in Table 4 . We can assume that the hypocentre of the main shock should be on the plane that could be assigned as vector s. However, the main shock is sometimes located with a little bias from the group of aftershocks, due to different combinations of stations contributing to P-and S-wave arrival times. Therefore, the depth parameter of the vector is optimized through ABIC minimization after fixing the horizontal coordinates at the epicentre of the main shock.
In the first case, a prior distribution conforming to Plane 1 is considered (Table 5 ). The minimum ABIC of −4928.90 is attained at δ = 3.5. Figs 4(a) and (b) illustrate relocated epicentral and vertical cross-sectional views. The relocated hypocentres are not necessarily concentrated on or near Plane 1.
When we consider Plane 2 as the alternative plane, a minimum ABIC of −4946.33 is attained at δ = 2.4. The vertical cross-section of a relocated hypocentre in Fig. 5(b) indicates better concentration of the hypocentres on Plane 2 than on Plane 1. The difference in ABIC between two minimum values is 17.43, which implies that Plane 2 is more probably the fault plane than Plane 1 with high statistical significance. This result is stable, since even if we rotate the plane by ±5
• in strike or dip, ABIC values of Plane 2 are at least 10 units smaller than those of Plane 1. The ABIC value of −4681.05 for δ = 100.0 is by far larger than that of the minimum value, which suggests that hypocentral relocation with constraint of some degree is more appropriate than that without constraint. These results strongly suggest that Plane 2 is preferable to Plane 1 as the fault associated with the Chiba earthquake.
The two examples have the same sample size (50 events), and a similar number of stations (20 and 18). However, differences in ABIC between two prior distributions range from 168 to 35 for simulation and 17 for the actual case. This implies that discrimination of the actual case is significant at a lower level than that of the simulation. The station distributions in the limited angles might relate to this result through sets of normal equations.
C O N C L U S I O N
We proposed a conventional procedure of introducing a priori information into current hypocentre determinations. Our procedure requires a set of normal equations and the hypocentres as observed data processed by the current hypocentre determination method. Table 3 . Hypocentre parameters for the aftershocks used in the study. Notes: X and Y components indicate distance (in km) to north and east relative to the epicentre of the main shock. X , Y and Z (downward) and T denote the components of vector q obtained for the minimum ABIC of Plane 2 (in km for location and second for origin time). The hypocentre is revised with a prior distribution as a penalized least-square problem, where the hyperparameters of the prior distribution could be optimized with the ABIC value. Assuming that aftershocks may originate near their main shock fault, a simple prior distribution is introduced as an example. This example demonstrates that introducing a priori information may be a powerful tool for selecting the more probable fault plane among two possible nodal planes, even with poor configuration of station locations.
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The proposed procedure provides us easy access to ways linking
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